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Abstract

LUX is a design concept for an ultrafast X-ray science
facility, based on an electron beam accelerated to GeV en-
ergies in a recirculating linac. Included in the design are
short duration (200 fs or shorter FWHM) light sources us-
ing multiple stages of higher harmonic generation, seeded
by a 200–250 nm laser of similar duration. This laser mod-
ulates the energy of a group of electrons within the electron
bunch; this section of the electron bunch then produces ra-
diation at a higher harmonic after entering a second, differ-
ently tuned undulator. Repeated stages in a cascade yield
increasing photon energies up to 1 keV. Most of the undu-
lators in the cascade operate in the low-gain FEL regime.
Harmonic cascades have been designed for each pass of
the recirculating linac up to a final electron beam energy
of 3.1 GeV. For a given cascade, the photon energy can be
selected over a wide range by varying the seed laser fre-
quency and the field strength in the undulators. We present
simulation results using the codes GENESIS and GINGER,
as well as the results of analytical models which predict
FEL performance. We discuss lattice considerations perti-
nent for harmonic cascade FELs, as well as sensitivity stud-
ies and requirements on the electron beam.

HARMONIC CASCADE DESIGN

A harmonic cascade involves multiple stages of har-
monic generation [1], where each stage uses two undulators
and a dispersive section to product outgoing radiation at a
harmonic of the incoming radiation. As part of the LUX
[2, 3] design concept, harmonic cascades would be used
to produce very high harmonics of optical or UV lasers;
the radiation would be tunable over a wide range of pho-
ton energies by varying the initial laser frequency and the
sequence of harmonic numbers, which multiply the pho-
ton energy. The design considered here produces photon
energies of up to 1 keV.

In the following simulations, the laser seed is assumed
to have a peak power of 100 MW and FWHM of 200 fs,
and to be tunable over a range of wavelengths including
the interval from 200 – 250 nm. Nominal values for the
electron beam are 2µm normalized emittance, a uniform
energy spread of +/- 200 keV, and a flat-top current profile
having a value of 500 A and with a duration of 2 ps.

Most of the undulators in the cascade operate in the low-
gain FEL regime. Because of this, the spontaneous radi-
ation levels remain very low and do not become amplified

∗This work was supported by the U.S. Department of Energy under
Contract No. DE-AC03-76SF00098

† also at University of California, Berkeley, CA 94720, USA

through the multiple harmonics, and the laser seed synchro-
nizes the entire cascade. The output radiation can still vary
due to fluctuations in the seed laser, electron beam, timing,
or alignment. The sensitivity to fluctuations and misalign-
ments is studied for each cascade.

We consider a configuration where the beam makes three
passes through a recirculating linac, exiting with energies
of 1.1, 2.1, and 3.1 GeV. Proper FEL performance re-
quires that the undulator satisfy the resonance condition,
λ ' λU (1+a2

U)/2γ2, whereλ is the radiation wavelength,
λU is the undulator period, the electron energy isγmec

2,
andaU ≡ eBRMSλU/2πmec is the normalized undulator
field strength; hereBRMS is the RMS value of the undu-
lator field on axis. Thus, the undulators must be adjusted
each time the output radiation wavelength is changed.

Two different functions are performed by the undulators.
In the modulators, the electrons overlap a laser field as they
pass through the undulator. This creates a sinusoidal vari-
ation in the electron energy with time. Before the electron
beam enters the next undulator, it is sent through a disper-
sive transport section that generates a linear shift in longitu-
dinal position with energy. This can be adjusted to produce
substantial bunching of the beam. The beam then enters the
radiator, which is tuned to a higher harmonic of the initial
laser seed; radiation is produced when the density modula-
tion has Fourier components at the appropriate wavelength.

The energy modulation is at this point transformed into
an increase in energy spreadσγ , which should satisfy
σγ/γ < ρFEL, whereρFEL is the “FEL parameter” [4]
which reflects the tolerance of an FEL to deviations from
the resonance condition. The electron beam is then delayed
relative to the laser field using a chicane, so that in the fol-
lowing modulator the laser field overlaps a “fresh” section
of the electron beam.

Most of the undulators are assumed to be of the planar
hybrid design, where magnetic poles are sandwiched be-
tween alternating high-field permanent magnets. The peak
field on axis is related to the gap,g, according to the fit
given by K. Halbach [5] (for SmCo5):

B0[T ] = 3.33 exp

[

−
g

λU

(

5.47 − 1.8
g

λU

)]

. (1)

The magnetic field strength is tuned by adjusting the gap.
Tapering of the magnetic field is required for proper match-
ing; here two magnetic periods on each side of the undula-
tors are simply designated as drift space. The final radiators
are taken to be helical undulators, which allows for circu-
larly polarized radiation. The undulator parameters for the
harmonic cascades are given in Tables 1 and 2; tapering is
excluded.



Table 1: Planar undulator parameters and requirements for
harmonic cascades at different energies.

Period Energy length peakB gap
(mm) (GeV) (m) (T) (mm)
140 2.1 2.8 0.74 – 0.83 39 – 43

3.1 2.8 1.10 – 1.24 27 – 31
80 1.1 2.4 0.89 – 1.00 19 – 22

2.1 3.2 0.68 – 0.95 19 – 26
3.1 2.4 1.03 – 1.42 13 – 19

50 1.1 3.0 0.77 – 1.15 10.4 – 14.9
2.1 6.0 0.73 – 1.10 11.0 – 15.5
3.1 4.0 1.12 – 1.47 7.8 – 10.7

35 3.1 6.3 0.89 – 1.51 5.3 – 9.3

Table 2: Helical undulator parameters for each cascade.
Period Energy length B on axis
(mm) (GeV) (m) (T)

35 1.1 6.3 0.39 – 0.97
2.1 6.3 0.38 – 0.92

28 3.1 8.4 0.50 – 0.94

SIMULATION RESULTS

Here we present simulation results for select examples
of harmonic cascades. These simulations were performed
using the GENESIS [6] simulation code, which is fully 3-
dimensional, allowing for the inclusion of effects such as
beam misalignments. Earlier simulations have been per-
formed by W.M. Fawley [7] using the GINGER code [8].

Each cascade begins with a modulator that has an exter-
nal laser, tunable from 200 – 250 nm, focussed on it. The
laser has peak power of 100 MW and FWHM of 200 fs.
Following this are pairs of identical undulators, plus a final
radiator. In between the undulators, there are 1.2 m gaps
for the dispersive sections and the chicanes.

For the 1.1 GeV electron beam, the cascade has two
stages and, including the 1.2 m drifts and the undulator ta-
pering, has a total length of 19.2 m. The output power is
shown in Figure 1 for the case of 10 nm wavelength, from
an initial laser seed which has a 200 nm wavelength. Har-
monic numbers 5 and 20 are used. Even with a Gaussian
input laser, the final radiator produces a flat-top laser pro-
file in time, with 213 MW of peak power, FWHM of 180
fs, with 35 fs ramps. The energy per pulse is 39µJ.

For the 2.1 GeV electron beam, the cascade has three
stages and a total length of 34.8 m. For a 2.5 nm wave-
length, using harmonics numbers 5, 20, and 80 from a 200
nm laser seed, the final radiator produces a flat-top laser
profile in time, with 80 MW of peak power, FWHM of 200
fs, with 35 fs ramps. The energy per pulse is 5.2µJ.

For the 3.1 GeV electron beam, the cascade has four
stages and a total length of 46.0 m. For a 1.0 nm wave-
length, using harmonics numbers 4, 16, 64, and 192 from
a 200 nm laser seed, the final radiator produces a flat-top
laser profile in time, with 41 MW of peak power, FWHM

Figure 1: Temporal structure of output power (top) and
phase (bottom) at 1.1 GeV, yielding 10 nm radiation from
a 200 nm laser seed. Simulations are shown for electron
bunch current of 500 A, and 500± 20 A.

of 150 fs, with 16 fs ramps. The energy per pulse is 6.3µJ.

Figure 2: Output power as a function of wavelength for the
three energy levels, tuned by varying both the input laser
frequency and the harmonic number sequence. Total har-
monic number is shown in boxes.

Figure 2 shows the sweep of the cascades at each en-
ergy. The output power improves as the wavelength is in-
creased, until the required undulator field strength becomes
too high. The three energy levels combine to produce a



continuous range of photon energies from 40 eV up to 1.2
keV.

SENSITIVITY STUDIES

The sensitivity studies described here vary the electron
beam properties without changing the harmonic cascade
parameters, which are tuned for the nominal case. The ef-
fect of misalignments are also considered. The results of
shifting the beam current by±4% has already been shown
in the Figure 1, including the variation in temporal profile.
In Table 3, the results are summarized for the highest pho-
ton energy for each cascade.

Table 3: Sensitivity studies: dependence of peak power on
electron beam current, emittance, and energy spread, for
different harmonic cascades.

Perturbation Peak power (MW)
1.1 GeV 2.1 GeV 3.1 GeV
10 nm 2.5 nm 1.0 nm

Nominal 213 34.6 41.4
I=480 A 185 29.2 38.1
I=520 A 237 38.5 45.8

εN=2.2µm 172 25.4 33.0
εN=1.8µm 260 39.3 51.3
σγ=0.43 189 29.0 34.8
σγ=0.35 234 38.8 48.7

Table 4: Output power with misalignments in position and
angle.

Misalignments Peak power (MW)
1.1 GeV 2.1 GeV 3.1 GeV
10 nm 2.5 nm 1.0 nm

None 213 34.6 41.4
Position:

10µm 207 33.6 38.0
20µm 195 29.9 30.6
40µm 158 16.0 15.3

Angle:
10µrad 213 34.1 40.6
20µrad 211 33.0 39.8
40µrad 201 29.3 38.4

The beam emittance has an especially strong effect be-
cause the electron bunch radius and laser beam spot size are
comparable in later stages. While phase deviations within
the laser seed are a potential problem, fluctuations in laser
power should not have a strong effect on the output seed.
In particular, the output power is a fairly flat function of
the input power. In Table 4, the effect of displacements and
misalignments in angle is shown. Each simulation consists
of adding misalignments in between each pair of undula-
tors, in both planes. The dominant effect of misalignments
is to reduce the overlap between the electron bunch and

laser beams. The example with 1 nm output radiation ex-
hibits a reduction of 26% in peak power when the electron
bunch is displaced by 20µm. Misalignments in angle also
reduce the peak power; in the 1 nm example, peak power
drops by 7% for misalignments of 40µrad. For compari-
son, the RMS radius of the electron bunch is 85µm, and
the RMS angle is 40µrad.

ANALYTIC THEORY

An analytic theory for seeded beams has been developed
which allows for rapid predictions and optimization of har-
monic cascades. This has been implemented as a Mathe-
matica script. For the first stage, when seeded by a large
external laser, the theory predicts that the optimal power
output,P , will be

P ' 4.12Z0I
2NUξ [J0(ξ) − J1(ξ)]

2
J2

n(j′n,1)

×F 2

γ (j′n,1σγ/γM )

(

1 + 4
β

L

εN/γ

λ/4π

)

−1

(2)

Here, Z0 = 377 Ω, NU is the number of undulator pe-
riods in the radiator,n is the harmonic number,ξ =
a2

U/2(1 + a2

U ), andFγ depends on the energy distribution
and decreases with increasing argument. At this optimum,
the Rayleigh length will beZR ' 0.15L+ 2πσ2

e/λ, where
L is the length of the undulator andσe is the electron beam
size. More generally, a numerical and less accurate predic-
tion results, but it is accurate to within 20%.

REFERENCES

[1] L.-H. Yu, M. Babzien, I. Ben-Zvi, et al.,High-gain harmonic-
generation free-electron laser, Science289 (2000), 932–934.

[2] W. A. Barry, W. A. Barletta, J. M. Byrd, et al.,Feasibility
study for a recirculating linac-based facility for femtosecond
dynamics, Report LBNL-51766, LBNL, December 2002.

[3] J. N. Corlett, W. A. Barletta, S. DeSantis, et al.,A recirculat-
ing linac-based facility for ultrafast x-ray science, Proc. 2003
Particle Acelerator Conference (IEEE,2003), pp. 186–188.

[4] R. Bonifacio, C. Pellegrini, and L. M. Narducci,Collective
instabilities and high-gain regime in a free electron laser, Op-
tics Communications50 (1984), 373–78.

[5] K. Halbach,Permanent magnet undulators, J. de Physique:
Colloque44 (1983), no. C1, 211–16.

[6] S. Reiche,GENESIS 1.3: a fully 3D time-dependent FEL sim-
ulation code, Nucl. Instr. Meth. A429 (1999), 243–248.

[7] W. M. Fawley, W. A. Barletta, J. N. Corlett, and A. Zholents,
Simulation studies of a XUV/soft X-ray harmonic-cascade
FEL for the proposed LBNL recirculating linac, Proc. 2003
Particle Acelerator Conference (IEEE,2003), pp. 923–925.

[8] W. M. Fawley, A user manual for GINGER and its post-
processor XPLOTIN, Report LBNL-49625, LBNL, February
2002.


